Vertical wind shear and concentration gradients of viable, airborne bacteria were used to calculate the upward flux of viable cells above bare soil and canopies of several crops. Concentrations at soil or canopy height varied from 46 colonyforming units per m3 over young corn and wet soil to 663 colony-forming units per m3 over dry soil and 6,500 colony-forming units per m3 over a closed wheat canopy. In simultaneous samples, concentrations of viable bacteria in the air 10 m inside an alfalfa field were fourfold higher than those over a field with dry, bare soil immediately upwind. The upward flux of viable bacteria over alfalfa was three-to fourfold greater than over dry soil. Concentrations of ice nucleationactive bacteria were higher over plants than over soil. Thus, plant canopies may constitute a major source of bacteria, including ice nucleation-active bacteria, in the air.
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Airborne bacteria over land are considered to originate from soil on the basis of three lines of evidence. (i) Relative to terrestrial sources, oceans are weak sources of airborne bacteria (5, 9, 12, 18, 22, 28) . (ii) Large increases in the concentration of airborne bacteria are associated with dust storms (3, 20) and with human activities, such as harvesting, which disturb soil (2) . (iii) The genera of bacteria found in upper air aerosols are frequently also found in soil (11, 12, 20) . However, plant surfaces also harbor most of the bacterial genera recovered from both soil (25) and air samples. If soil is the major source of airborne bacteria, bacterial aerosol concentrations should be very high in the spring planting season, when vast acreages are disturbed by tillage. However, concentrations of airborne bacteria over land are consistently least during winter and spring, whereas they are greatest during summer and autumn, when most agricultural soil is covered by plant canopies (2, 11, 17) .
Soil is virtually always covered by plant materials in most natural temperate habitats.
Bacterial plant pathogens have been found in aerosols near infected plants exposed to simulated raindrops in the laboratory (7, 8 vesting (19) . However, harvests occur only one or a few times on each field throughout the growing season and tend to occur too late to explain the high concentrations in summer. Rain tends to decrease the bacterial aerosol concentration rather than increase it (2, 17) . Thus, the majority of bacteria found in upper air aerosols are probably liberated from the earth's surface during dry weather, but it has not yet been determined whether most of these airborne bacteria specifically originate from the soil or from plant surfaces. Although the total significance of natural bacterial aerosols is unknown, the recent discovery that certain bacteria are active as ice nuclei suggests that airborne bacteria could have a role in precipitation formation (26 
RESULTS AND DISCUSSION
In two experiments, the concentration of airborne bacteria was higher on the downwind side of a field of heading winter wheat than in a field of young corn, upwind from the wheat (Table 1 , experiments of 1 and 9 June 1978). Thus, some local source of airborne bacteria was stronger in the wheat field than in the corn field. If soil were the source of the airborne bacteria, then bacterial concentrations should have been higher over the corn field, where the widely spaced rows of 0.4-m-high corn plants allowed much greater exposure of the soil to wind than the dense, 0.9-m-high wheat canopy. Since wind speeds decrease rapidly with depth in a dense plant canopy, very little wind energy, if any, would have been available to generate aerosols at soil level under the wheat. Furthermore, on both 1 and 9 June, the soil surface was wet. Gillette et al. (6) on July 3, 2017 by guest http://aem.asm.org/ Downloaded from have reported that vertical fluxes of aerosols over wet soils are negligible. Thus, the most likely explanation of the differences in airborne concentrations is that epiphytic bacteria present on the wheat were a stronger source of airborne bacteria than those on the corn. The experiment on 6 September was designed to contrast a plant canopy and a dry soil surface as sources of airborne bacteria. Canopy-level bacterial concentration and upward bacterial flux were four times greater over alfalfa than over bare ground, even though bacterial populations in the near-surface soil were approximately five times greater than those on the alfalfa plants (Table 1) . Therefore, although it is clear from the literature that large numbers of bacteria enter the atmosphere from soil during severe but relatively infrequent conditions such as dust storms, under more common daytime weather conditions, plants are quantitatively more important than soil as sources of airborne bacteria (Fig. 1) . On 19 June, concentrations of bacteria over a pea field were lower than those over the wheat field just upwind ( Table 1) . The large differences between concentrations of airborne bacteria at three sampling sites separated by only 200 to 300 m illustrates the importance of recognizing differences between types of plant canopies as aerosol sources. On 6 September, the concentrations of airborne bacteria only 10 m inside the alfalfa field were indistinguishable from those 100 m into the field (Fig. 1) . Thus, the strong local influence of the alfalfa canopy took effect in less than 10 m. Aerosol samples taken at sites "representative" of rural areas (2) may represent very local sources.
Although wheat was a stronger aerosol source than young corn plants on three consecutive occasions, the bacterial aerosol concentration over winter wheat varied more than 10-fold in samples taken 10 days apart. Thus, relative source strengths of different plant species and soils should be deduced only from simultaneous or nearly simultaneous samples, and not from measurements made on different days. These isolates were not characterized further. The INA bacteria isolated from plant surfaces were predominantly P. syringae, whereas the INA bacteria from bare soil and air samples above soil (6 September) resembled E. herbicola.
Bacteria impacted on petri plates in the Andersen sampler are not detected until they have formed colonies. Thus, airborne bacteria capable of producing INA colonies were detected, but it was not possible to determine how many of the cells entering the sampler were actually active ice nuclei, since the ratio of ice nuclei to cells is usually 01 in cultures of these bacteria (10) . In addition, cells of INA bacteria may remain active after the cells are no longer viable. Thus, our measurements represent the numbers of viable bacteria in the air capable of producing ice nuclei when grown in culture, not the numbers of bacterial ice nuclei in the air.
Our findings indicate that plants constitute a major source of airborne bacteria, including those that are INA. Even a dry, bare soil, which characteristically releases a greater number of particles than a wet soil, yielded a bacterial flux much smaller than that of an adjacent field of alfalfa. Rain was not necessary for the generation of bacterial aerosols from plants, since all of our measurements were made when the leaves were dry and there was no rain in the vicinity. In addition, the flux calculations indicate that viable bacteria, including INA bacteria, were being transported well into the surface boundary layer and could be mixed throughout the depth of the troposphere. Viable INA bacteria in the troposphere are potentially in a suitable position to initiate precipitation processes, although their involvement in these processes remains to be demonstrated.
